Abstract BACKGROUND: MDM2 is a negative regulator of p53 and is upregulated in numerous human cancers. While different MDM2 splice variants have been observed in both normal tissues and malignant cells, their functions are poorly understood. METHODS: We evaluated the effect of MDM2 splice variants by overexpression in MCF-7 cells and analyses of expression of downstream genes (qPCR and Western blot), subcellular localization (immunofluorescence), cell cycle assays (Nucleocounter3000), apoptosis analysis (Annexin V detection), and induction of senescence (β-galactosidase analysis). RESULTS: In a screen for MDM2 splice variants in MCF-7 breast cancer cells, extended with data from healthy leukocytes, we found P2-MDM2-10 and MDM2-Δ5 to be the splice variants expressed at highest levels. Contrasting MDM2 full-length protein, we found normal tissue expression levels of P2-MDM2-10 and MDM2-Δ5 to be highest in individuals harboring the promoter SNP309TT genotype. While we detected no protein product coded for by MDM2-Δ5, the P2-MDM2-10 variant generated a protein markedly more stable than MDM2-FL. Both splice variants were significantly upregulated in stressed cells (P = 4.3 × 10 −4 and P = 7.1 × 10 −4 , respectively). Notably, chemotherapy treatment and overexpression of P2-MDM2-10 or MDM2-Δ5 both lead to increased mRNA levels of the endogenous MDM2-FL (P = .039 and P = .070, respectively) but also the proapoptotic gene PUMA (P = .010 and P = .033, respectively), accompanied by induction of apoptosis and repression of senescence. CONCLUSION: We found P2-MDM2-10 and MDM2-Δ5 to have distinct biological functions in breast cancer cells. GENERAL SIGNIFICANCE: Alternative splicing may influence the oncogenic effects of the MDM2 gene.
Introduction
The E3 ubiquitin ligase MDM2 is a negative regulator of the p53 tumor suppressor protein [1, 2] . MDM2 binds and ubiquitinates p53, facilitating it for proteasomal degradation [3, 4] . p53, on the other hand, can induce transcription of MDM2, generating a negative feedback loop [5, 6] . MDM2 gene amplification and/or protein overexpression have been implicated in various types of cancer and been suggested to be an alternative mechanism of p53 inactivation [2, 7, 8] . MDM2 is expressed from two separate promoters, promoter P1 and P2, initiating various transcripts with different translational potential [9, 10] . Transcription from P1 is known to be essential in most unstressed cells, while transcription from P2 is considered to be triggered by increased p53 activity under stressed conditions [10, 11] .
Two SNPs within the MDM2 intronic promoter P2, SNP309T N G (rs2279744) and SNP285G N C (rs117039649), have been found to be associated with altered MDM2 expression [12, 13] . Both SNPs affect the binding of the transcription factor Sp1 [12, 13] . While the minor allele of SNP309 (G) extends the Sp1 binding site, and several studies have associated the G variant with elevated risk for different cancer forms [12, 14, 15] , the minor allele of SNP285 reduces Sp1 binding and has been related to a reduced cancer risk [13, 16, 17] . The potential impact of these promoter SNPs on the expression of MDM2 splice variants has, so far, not been investigated.
The MDM2 gene consists of 12 exons, coding for a full-length protein harboring 491 amino acids [18] . The protein contains a p53 binding domain at the N-terminal and a highly conserved RING domain responsible for the E3 ligase activity at the C-terminal in addition to an NLS, an NES, and an NoLS [19] [20] [21] [22] , allowing the protein to be localized both in the nucleus and in the cytoplasm [23] (Figure 1 ).
MDM2 is expressed as several alternatively and aberrantly spliced transcripts. The first alternative spliced MDM2 transcripts were identified in human tumors almost two decades ago [24] . To the best of our knowledge, 72 different MDM2 splice variants are described in human cancers and normal tissue to date [18, [25] [26] [27] .
We selected the P2-MDM2-10 and MDM2-Δ5 variants for in-depth analyses based on an initial screen of MCF-7 cells and lymphocytes from healthy young males. In addition, treatment of MCF-7 cells with chemotherapy induced significantly elevated expression levels of both these splice variants.
Material and Methods

Blood Sample Donors
RNA used for expression analyses was extracted from white blood cells drawn from 216 healthy young males as part of a routine test during compulsory service in the Norwegian navy [28] . Prior to RNA extraction, the white blood cells from each individual were divided into two fractions; one half was irradiated (3 Gy) and the other half was kept untreated.
DNA and RNA Extraction
Genomic DNA from leukocytes was extracted using the Qiagen DNA mini-kit according to the manufacturer's instructions. Total RNA was extracted using Trizol reagent (Life technologies) according to the manufacturer's instructions, and cDNA synthesis was performed as previously described [28] .
MDM2 Splice Variant Screening
In P2-MDM2-10, the first 15 bases of exon 10 are retained, while the rest of exon 10 is spliced out, resulting in a protein of 476 amino acids. Previous studies have indicated P2-MDM2-10 to be expressed from promoter P2 only [25] . MDM2-Δ5 is an aberrantly spliced variant of the MDM2 transcript that lacks exon 5. The deletion of this exon leads to a shift in the reading frame of the mRNA transcript. The resulting open reading frames potentially cause expression of two different proteins of 9.8 kDa and 76 kDa (Figure 1) .
MDM2 transcripts were amplified with nested PCR using forward primer specific for either promoter P1 or P2.
Promoter P1 was amplified by 5′-GAAGGAAACTGGGGAGTC TTG-3′ and 5′-GACTCC AAGCGCGAAAAC-3′.
Promoter P2 was amplified by 5′-GTGTTCAGTGGCGATTGG AGG-3′ and 5′-AGACCTGTGGGCACGGA-3′.
The reverse primers were the same for both P1 and P2: 5′-GAGAAAATGCCTCAATTCACATAG-3′ and 5′-CTATATAA CCCTAGGAATTTAGACAA-3′.
PCR conditions are given in detail in Supplementary Methods. Subsequently, the PCR products were subjected to TOPO TA Cloning (Invitrogen, Life Technologies), and positive clones were analyzed by Sanger sequencing with the following primers: P1 transcripts; 5′-ATGGTGAGGAGCAGGCAAATG and for P2 transcripts 5′-TGCTGATCCAGGCAAATGTG using BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) according to the producer's protocol.
MDM2 Promoter Genotyping
All samples were genotyped for MDM2 SNP309 and SNP285 by Sanger sequencing as previously described [13, 17] .
P2-MDM2-10 and MDM2-Δ5 Expression Analysis
Quantitative PCRs of MDM2 splice variants P2-MDM-10 and MDM2-Δ5 and the internal reference gene RPLP2 were carried out using hydrolysis probes (TIB MOLBIOL) on a Lightcycler 480II instrument (Roche) with the following primers and probes: P2-MDM2-10: forward 5′-CGGATCTTGATGCTGGTGTAT ATC-3′, reverse 5′-GAAGCCAATTCTCACGAAGG-3′ and probe: 5′-6FAMTCAGGCAGGGGAGAGTGATACAGA TTC-BBQ. MDM2-Δ5: forward 5′-AGACACTTATACTATGAAAG AGGAAAAT-3′, reverse 5′-TGACACCTGTTCTCACTC and probe: 5′-6FAM-AGCAGGAATCATCGGACTCAGG-BBQ. RPLP2: forward 5′-GACCGGCTCAACAAGGTTAT-3′, reverse 5′-CCCCACCAGCAGGTACAC-3′ and probe 5′-Cy5-AG CTGAATGGAAAAAACATTGAAGACGTC-BBQ. Translational Oncology Vol. 10, No. 5, 2017 MDM2 Splice Variants P2-MDM2-10 and MDM2-Δ5 Huun et al.
Amplifications were performed in a reaction volume of 10 μl using the LightCycler 480 Probes Master kit (Roche) with 0.5 μM of each primer pair, 0.125 μM of probe and 3 μl cDNA. The two-step qPCR cycling conditions were: 5-minute initial denaturation at 95°C before 50 cycles of 10 seconds at 95°C and 25 seconds at annealing temperature, followed by a cooling step at 40°C for 10 seconds. The annealing temperatures were 59°C for P2-MDM2-10, 57°C for MDM2-Δ5, and 53°C for RPLP2.
MDM2-FL Expression Analysis
Cells were transfected and sorted by Flow Cytometry (FACS Aria) based on GFP expression. Six hours post seeding, the cells were treated with DMSO or 1 μM doxorubicin for 12 hours. The total RNA was isolated from the cells using Trizol reagent (Life Technologies, Gaithersburg, MD) according to the manufacturer's instructions. Single-stranded cDNA synthesis was performed using 500 ng total RNA, oligo-dT, and random hexamer primers (Sigma) with Transcriptor Reverse Transcriptase (Roche) in accordance with manufacturer's instructions. Levels of mRNAs were determined individually with the following primers and probes (TIB MOLBIOL):
EXON3 was amplified with the primers 5′-AACATGTCTGTA CCTACTGATGGTGC-3′ and 5′-CAGGGTCTCTTGTTCC GAAGC-3′ and the hydrolysis probe 6FAM-AACCACCTCAC AGATTCC-BBQ. 3′UTR was amplified with the primers 5′-TGCTCCATCACCC ATGCTAGA-3′ and 5′-TGGT GGTACATGCCTGTAATC-3′ and the hydrolysis probe 6FAM-TAGCTTGAACCCA GAAGGCGGA-BBQ.
RPLP2 was amplified described above. The qPCR cycling conditions were set as described above; the annealing/extension temperatures were EXON3 53°C and 3′UTR 58°C. Quantitative amplification reactions were performed with custom-made Realtime Ready plates (Roche; Configurator no. 100,054,567) on the LightCycler 480 instrument (Roche) using the same reaction conditions as described above.
Specificity Tests for Expression Assays
In order to validate the specificity of the splice variant-specific qPCR assays, we first normalized the concentration of a plasmid containing the splice variant (P2-MDM2-10 or MDM2-Δ5) to the exact same concentration as a plasmid containing the MDM2 WT. This was done by running qPCRs targeting shared MDM2 regions in the plasmids and then adjusting the concentrations until identical Cp values were reached. These reactions were performed using the following primes and probes (TIB MOLBIOL):
P2-MDM2-10/MDM2 WT: forward 5′-GACTAAACGATTATAT GATGAGAAGCA-3′, reverse 5′-GCTCTTTCACAGAG AAGCTTGG-3′ and probe 6FAM-TCTTCTAGGAGATT TGTTTGGCGTG-BBQ. MDM2-Δ5/MDM2 WT: forward 5′-TTGATGCTGGTGT AAGTGAACA-3′, reverse 5′-TGAAGAAGGACAAG A A C T C T C A G A -3 ′ a n d p r o b e 6 F A M -A A G T T G AATCTCTCGACTCAGAAGATTATAGCCT-BBQ.
Reactions were run with the same solutions and thermocycling conditions as described above, except that the annealing/extension temperature was set to 55°C.
Subsequently, in order to detect any potential contribution from wild-type template in the splice variant-specific qPCRs, the MDM2 WT plasmid and the splice plasmids, now having the same concentrations, together with a pooled sample of cDNA from white blood cells were analyzed by the splice variant-specific assays. Both splice variant-containing plasmids were detected within the range of the pooled cDNA from white blood cells (Cp = 28-33), while the MDM2 WT plasmid were not detected (no positive reaction curve after 50 cycles; Figure S1 ). Thus, the contribution from WT template in the splice-specific qPCR assays was negligible.
Expression Vectors
The sequences encoding the respective splice variants P2-MDM2-10 and MDM2-Δ5 were assembled from synthetic oligonucleotides and cloned into E. coli expression vectors by Geneart, (Life Technologies). MDM2 encoding fragments were cut out using the BamHI and XhoI restriction sites. Following agarose gel purification, the fragments were ligated into a pCMV eukaryotic expression vector (CMV-MCS-V5-6xHis-BGHpolyA in pCMV-cyto-EGFP-myc) using T4 DNA ligase. The utilized vector contained a sequence encoding an eGFP expressed from an independent CMV promoter region. Performing immunofluorescence, apoptosis, and senescence analysis, a pcDNA3.1V5-vector (TOPO) was used, providing a C-terminal V5-tag (Invitrogen). The plasmids were amplified in One Shot TOP10 Chemically Competent E. coli cells (Invitrogen) by ampicillin selection followed by colony PCR and purified using the QIAprep Spin Miniprep Kit (Qiagen). The constructed plasmids encoding MDM2-FL and splice variants were confirmed and checked for mutations by sequencing using the BigDye1.1 system and Sanger sequencing prior to large-scale purification from E. coli by the HiSpeed plasmid maxi kit (Qiagen) according to the manufacturer's instructions. The resulting stock solutions of the plasmids were validated by sequencing to ensure absence of any mutations prior to introduction to a eukaryotic cell system.
Cell Culture, Transfection, and Treatment
The cells were fingerprinted with AmpFISTR Profiler and Cofiler plus (Applied Biosystems by Life Technologies) prior to use. MCF-7 (HTB-22) breast cancer cells (ATCC) were cultivated in EMEM (ATCC) supplemented with 10% FBS, 2% L-glutamine, and 2% penicillin streptavidin (Lonza). HCT116 (CCL-247) colon cancer cells (a generous gift from Dr. Fred Bunz, Bert Vogelstein, and Kenneth W. Kinzler at John Hopkins University and Howard Hughes Medical Institute, MD) were cultivated in McCoy's medium (ATCC) supplemented with 10% FBS, 0.12% gentamycin, and 2% penicillin streptavidin (Lonza). Transfection was performed using 1.85 μg/ml of each plasmid (pCMV-P2-MDM2-10, pCMV-MDM2-Δ5, pCMV-MDM2-FL, pCMV) and 1.7 μl/ml Lipofectamine 2000 (Invitrogen). As negative control, cells were treated with DMSO at the same amount as for the corresponding chemotherapy-treated cells with 1 μM doxorubicin in DMSO. Both DMSO and doxorubicin were diluted in cell growth medium before application to the cells.
Sorting Cells by Flow Cytometry and GFP Transfection Efficiency
GFP transfection efficiency was measured after all transfections using the NucleoCounter3000 instrument (Chemometec). Twelve hours posttransfection, the cells were harvested and sorted by Flow Cytometry (FACS Aria) based on eGFP expression. The sorted cells were immediately seeded in new growth medium and further assessed in various assays. The transfection efficiency was measured consecutively to be on average 31% for P2-MDM2-10 and 34% for MDM2-Δ5 (data not shown).
Western Blot Analysis
Cells were harvested with Trypsin EDTA (Lonza) and lysed with IPH buffer with protease inhibitor, debris were removed, and proteins were denatured by boiling in SDS buffer and loaded on 12% SDS-PAG (Bio Rad) with PS11 protein ladder (GeneOn). Separated proteins were transferred onto 0.2-μM nitrocellulose membranes by turbo blotting for 7 minutes, 2.5A, and 25 V using the Bio Rad system. Unspecific protein binding was blocked by incubation in 5% nonfat milk in TBS-Tween 0.05% for 1 hour at room temperature or overnight at 4°C. Membranes were subsequently incubated in MDM2 specific antibody Sc-813 (Santa Cruz) recognizing exon 3. Potentially expressed proteins from MDM2-Δ5 were investigated using different antibodies having their epitope in exon 3 (Sc 813, Santa Cruz), exon 8 (Sc-965, Santa Cruz), and exon 12 (OP 146, Merck Millipore), respectively. GAPDH (SantaCruz) was used as loading control. Following washing of membranes in TBS-Tween 0.05% , proteins bound by the primary antibody were detected by HRP-conjugated secondary antibody (Sigma). Signals were detected using SuperSignal West Femto Chemiluminescent Substrate (Thermo Scientific) and the LAS 4000 imager (GE Healthcare).
Protein Stability Analysis
Twenty-four hours posttransfection, the cells were treated with DMSO or 1 μM doxorubicin for 24 hours. The cells were then exposed to 100 μg/ml cycloheximide (Sigma) and harvested after 1, 2, and 4 hours. Cells were washed (ice-cold PBS), deattached (Trypsin-EDTA), and neutralized (EMEM) followed by centrifugation and subsequent washing of the generated cell pellet in cold PBS. Proteins were released by cell lysis for 10 minutes in IPH buffer with protease and phosphatase inhibitors. Cell debris was removed by centrifugation at 13,000 rpm for 1 minute. Protein concentration was measured by absorption measurements at 280 nm using the NanoDrop2000 (Thermo Scientific). By varying the amount of cell lysate, equal amount of total protein was denatured in sodium dodecyl sulfate sample buffer and boiled at 95°C for 5 minutes, followed by Western blotting. GAPDH (Santa Cruz) was chosen as loading control due to its high stability over time. All experiments were performed in triplicate.
Subcellular Localization by Indirect Immunofluorescence
Cells were grown on glass coverslips and transfected as previously described. Forty-eight hours after transfection, the cells were fixed for 15 minutes in 3.7% formaldehyde. Cells were then permeabilized with 0.1% Triton X-100 for 10 minutes and blocked with 1% BSA in PBS for 30 minutes. The coverslips were then incubated with MDM2 specific antibody Sc-813 (Santa Cruz) for 1 hour followed by AlexaFluor 647-conjugated secondary antibody (Life Technologies) for 30 minutes. The cells were incubated 10 minutes in 0.1% Hoechst 33,342 (Molecular Probes, Life Technologies) in PBS, washed in 1× PBS, and mounted with Fluka Eucitt quick hardening mounting solution (Life Technologies). Fluorescent cells were observed with a confocal laser scanning microscope (Leica TCS SP5, Leica Microsystems). Localization was determined by three individual persons who analyzed 18 representative anonymous pictures for each of the MDM2 splice variants.
Cell Cycle Analysis
Transfected and treated cells were incubated 5 minutes at 37°C in lysis buffer with Hoechst (Chemometec). Thereafter, cells were added stabilizing buffer before analysis with the NucleoCounter 3000 (Chemometec) for DNA quantitation in three independent experiments.
Cell Proliferation by Cell Count
Cells were seeded on six-well tissue plates. Twenty-four hours after transfection, the cells were treated with DMSO or 1 μM doxorubicin for 24 hours. The cells were trypsinated and counted by NucleoCounter3000 Viability assay.
Apoptosis Assay: Annexin V Detection
Transfected cells were treated with DMSO or 1 μM doxorubicin for 24 hours before they were trypsinated and washed in 1× PBS. Further, the cells were incubated 15 minutes at 37°C in Annexin V (Biotium) and Hoechst 33,342 (Chemometec). The cells were washed once in Annexin V buffer (Biotium) before they were resuspended in Annexin V buffer with 4% propidium iodide (Chemometec) and analyzed with the NucleoCounter3000 (Chemometec) for identification of live, necrotic, and early-and late-apoptotic cells. The analysis was repeated in three independent experiments.
Senescence Assay: β-Galactosidase Staining
Transfected cells were treated with 0.25 μM doxorubicin for 7 days before staining for β-galactosidase activity with the Senescence β-galactosidase Staining Kit (Cell Signaling) according to the manufacturer's instructions; briefly, the cells were incubated in staining solution for 14 hours at 37°C without CO 2 in a cultivation incubator with humidified atmosphere. Senescent cells were detected as blue β-galactosidase-positive cells versus negative cells upon microscopic inspection (Nikon eclipse TS100).
Statistics
Splice variant expression levels were analyzed with respect to promoter SNP genotypes by Kruskal-Wallis (K-W) and Mann-Whitney (M-W) rank tests. The subcellular localization and degree of senescence were tested by χ 2 for comparison of the different groups. Interaction between apoptosis and senescence and the phase distribution in the cell cycle were tested by two-way variance analysis. All P values are reported as two-sided.
Results
In the present study, we assessed the potential biological functions of the MDM2 splice variants P2-MDM2-10 and MDM2-Δ5. These two variants were selected for characterization based on two criteria: First, we screened MCF-7 cells both before and after doxorubicin treatment and lymphocytes from healthy young males both before and after irradiation, and found P2-MDM2-10 and MDM2-Δ5 to be the most frequently detected MDM2 splice variants ( Figure S2) . Secondly, when treating MCF-7 cells with a low dose of doxorubicin (0.1 μM), we found significantly elevated expression levels of both P2-MDM2-10 and MDM2-Δ5 as compared to the untreated control cells (P = 4.3 × 10 −4 and P = 7.1 × 10 −4 , respectively; Figure S3 ). Notably, applying first exon specific (i.e., promoter usage specific) assays, we found both P2-MDM2-10 and MDM2-Δ5 to be expressed from both MDM2 promoters (P1 and P2), yielding transcripts with different 5'UTRs but identical open reading frames given that the
Comparing the expression levels within MCF-7 cells, we found the MDM2 full-length (WT) transcript to be expressed 25-and 110-fold higher than the MDM2-Δ5 and the P2-MDM2-10 transcripts, respectively ( Figure S4 ).
MDM2 Promoter Genotypes and Normal Tissue Splice Variant Expression
To assess the relationship between promoter genotypes, previously reported to affect MDM2 transcription (defined according to SNPs 309 and 285 status) [12, 13] , and the expression levels of the P2-MDM2-10 and MDM2-Δ5 splice variants, we analyzed leukocytes from 216 healthy young males for whom the SNPs have previously been genotyped [13] . For six individuals, P2-MDM2-10 levels were undetectable, and these were therefore excluded from the statistical analysis.
Within these leukocyte samples, we observed a significant difference in P2-MDM2-10 as well as MDM2-Δ5 expression levels between individuals harboring the three MDM2 SNP309 genotypes (K-W; P = .044 and P = .018 for P2-MDM2-10 and MDM2-Δ5, respectively), with individuals carrying the SNP309TT genotype having the highest expression level. Applying the recessive model (SNP309TT versus SNP309TG + GG), we observed significantly higher expression levels of both P2-MDM2-10 and MDM2-Δ5 splice variants among individuals harboring the SNP309TT as compared to individuals harboring the SNP309TG + GG genotypes (M-W P = .044 and P = .005 for P2-MDM2-10 and MDM2-Δ5, respectively; Figure 2A ). No significant differences in splice variant expression between individuals harboring different genotypes in respect to SNP285 were observed (K-W P2-MDM2-10: P = .90; MDM2-Δ5: P N .5).
Assessing expression levels of the two splice variants in parallel leucocyte samples from the same individuals before and after exposure to 3 Gy of irradiation, we found the level of both splice variant to increase significantly (average increase of 6.27-fold for P2-MDM2-10 and 2.94-fold for MDM2-Δ5; P = 1.3 × 10 −35 and P = 3.5 × 10 −37 , respectively; Figure 2C ). The magnitude of the increase (relative or absolute) did not differ between individuals harboring the different SNP genotypes (P N .3). However, similar as to what was recorded for pretreatment samples, MDM2-Δ5 expression levels remained higher among individuals carrying the SNP309TT genotype as compared to the SNP309TG + GG genotypes after irradiation as well (M-W P = .006; Figure 2B ).
Cellular Effects of P2-MDM2-10 Overexpression
Overexpression of P2-MDM2-10 in MCF-7 cells revealed a protein product of 87 kDa (Figure 3 ). Vector integrity and transcription were validated by qPCR (data not shown). P2-MDM2-10 protein stability was assessed by protein synthesis blockage using cycloheximide treatment. Interestingly, we found P2-MDM2-10 to be markedly more stable than the MDM2-FL protein both in untreated cells and, particularly, in cells subject to stress by doxorubicin treatment (Figure 4) .
Regarding subcellular localization, we found P2-MDM2-10, similar to MDM2-FL, to be localized exclusively in the nucleus in the majority of cells ( Figure 5A ). However, the fraction of cells with the protein located in the exclusively in the nucleus (as opposed to the cytoplasm or both of these compartments) was significantly higher for P2-MDM2-10 than for the MDM2-FL (χ 2 test P = .007; Figure 5B ). Next, we investigated whether ectopic overexpression of P2-MDM2-10 affected the mRNA levels of a panel of p53 downstream targets as well as endogenous MDM2. Here, we used cells sorted based on eGFP expression to ensure P2-MDM2-10 overexpression in all assayed cells. We found P2-MDM2-10 overexpression to significantly upregulate the proapoptotic BBC3 (PUMA) gene after doxorubicin treatment compared to both the control cells (P = .011) and cells overexpressing MDM2-FL (P = .010; Figure 6 ), possibly indicating a role for P2-MDM2-10 in apoptosis. Similar differences were not observed for unstressed cells. In addition, we found overexpression of P2-MDM2-10 to increase the levels of endogenous MDM2 mRNA both in untreated and in doxorubicin-treated cells; the difference, however, was of statistical significance in cells exposed to doxorubicin only (P = .072 and P = .039, respectively; Figure 7) . Notably, these differences were not detected in our protein analyses (Figure 3 ) probably due to the superior sensitivity of qPCR over Western blot analysis. In contrast, overexpressing P2-MDM2-10 had no effect on MDM4, RB1, E2F1, TP53, MTOR, CDK1A, ATM, PTEN, BCL2, APAF, or GLB1 mRNA levels either in untreated cells or in cells subjected to doxorubicin treatment (data not shown).
In light of the PUMA induction, we investigated whether P2-MDM2-10 had an impact on cellular end points, such as cell cycle proliferation, apoptosis, or senescence. Assessing the potential impact of P2-MDM2-10 on cell cycle regulation, P2-MDM2-10 overexpression did not affect cell cycle progression in either untreated or doxorubicin-treated cells ( Figure 8A ). Although the differences were limited, we did, however, observe a slightly increased proliferation in cells overexpressing P2-MDM2-10 at 72 hours post transfection (P = .008; Figure 8B ). Importantly, in line with the induction of PUMA, we found overexpression of P2-MDM2-10 to result in a marked increase of apoptotic cells compared to the TOPO-control in untreated (55% vs. 28% of cells) as well as in doxorubicin-treated cells (60% vs. 49%; Figure 9A ). Notably, we also found an increase in apoptotic cells upon overexpression of the MDM2-FL both in the untreated as well as in the doxorubicin-treated cells.
Since this latter observation contrasts with what one might expect assuming MDM2-FL to influence apoptosis by inhibiting p53, we sought to validate this finding in other cell lines. For this purpose, we used isogenic versions of HCT116 colon cancer cells, only differing with respect to TP53 status. Both HCT116 TP53−/− and +/+ revealed higher or similar degree of apoptosis when overexpressing MDM2-FL as compared to TOPO-control ( Figure S5 ). Furthermore, HCT116 TP53−/− showed indications of increased activation of apoptosis upon doxorubicin treatment and overexpression of P2-MDM2-10 but not to statistical significance.
In MCF7 cells, we also assessed the impact of P2-MDM2-10 overexpression on senescence: In doxorubicin-treated cells, the increased degree of apoptosis (described above) was accompanied by a decrease in the fraction of cells undergoing cellular senescence ( Figure 9B ). In the TOPO-control cells, doxorubicin treatment lead to a 5.8-fold increase in senescence compared to the cells that are not exposed to doxorubicin. In the cells overexpressing P2-MDM2-10, the increase was found to be 4.5-fold. When comparing the increase in activated apoptosis and the reduction in senescence by univariate analysis of variance, the interaction between them was found to not reach statistical significance (P = .188).
Cellular Effects of MDM2-Δ5 Overexpression
No protein product was detected subject to overexpressing MDM2-Δ5 mRNA (see Methods section). This was not due to ineffective transfection, as mRNA levels were confirmed by qPCR (data not shown).
The same panel of genes as described above for P2-MDM2-10 was examined upon overexpression of MDM2-Δ5. A significant upregulation of PUMA compared to the controls (P = .039) as well as MDM2-FL-transfected cells (P = .033) after doxorubicin treatment was observed ( Figure 6) ; however, none of the other target genes showed significantly altered expression levels.
Moreover, overexpressing MDM2-Δ5 led to increased levels of endogenous MDM2 mRNA compared to the control cells (P = .011; Figure 7 ). Also, after overexpression of MDM2-Δ5 and concomitant doxorubicin treatment, the levels of endogenous MDM2 were increased as compared to the control cells, but this difference did not reach statistical significance (P = .070).
Examining cell cycle progression in cells overexpressing MDM2-Δ5 with and without chemotherapy, we did not observe any significant difference compared to the control cells ( Figure 8A ). However, similar to P2-MDM2-10, and in line with the induction of PUMA, overexpression of MDM2-Δ5 led to a marked increase in the degree of apoptotic cells compared to the GFP-control both in untreated and in doxorubicin-treated cells (51% vs. 28% and 66% vs. 49%, respectively, yet not significantly; Figure 9A ). Overexpression of MDM2-Δ5 in both HCT116 TP53+/+ and HCT116 TP53−/− showed indications of increased activation of apoptosis upon doxorubicin treatment; however, it did not reach statistical significance ( Figure S5 ). Also, similar to the effect of P2-MDM2-10, the increase in number of cells undergoing apoptosis induced by MDM2-Δ5 was accompanied by a reduction in senescent cells upon doxorubicin treatment compared to the TOPO-control (5.8-fold vs. 3.3-fold; Figure 9B ; P for interaction = .027).
Discussion
Previous studies have shown DNA-damaging drugs causing genotoxic stress to promote splice-pattern alterations in MDM2 in vitro [29] . While multiple MDM2 splice variants have been identified, their functional roles are poorly understood. In the present study, we investigated some molecular features of, and the possible biological effects of, the alternative spliced variants P2-MDM2-10 and MDM2-Δ5 in response to chemotherapy treatment in breast cancer cells.
The P2-MDM2-10 variant was reported in 2008, and the authors suggested it to be expressed mainly from the MDM2 promoter P2 [25] . Contrasting this, we observed the P2-MDM2-10 to be expressed from both promoters (P1 and P2), indicating this variant to be present in cells both in the normal state and under stressed conditions. Further, based on high expression levels in our initial screen, we assessed the potential link between MDM2 promoter SNP status and the expression levels of P2-MDM2-10 and also included the variant with the second highest occurrence in our large-scale screen, MDM2-Δ5, in our studies.
Under stressed conditions, we observed both of the splice variants to be upregulated, similar to what is observed for MDM2-FL.
However, contrasting what has been reported for MDM2-FL [12] , we found normal tissue expression levels of both splice variants to be higher among individuals harboring the SNP309TT genotype as compared to the SNP309TG and GG genotypes. For P2-MDM2-10, this observation was only significant under unstressed condition, while for MDM2-Δ5, there was a significant difference both under unstressed and under stressed conditions. Given that the SNP309 G-allele in general is thought to increase the expression levels of MDM2-FL, our findings of the opposite result for both of the splice variants examined suggest that P2-MDM2-10 and MDM2-Δ5 both may have biological functions different from the MDM2-FL. Notably, this finding also indicates a potentially more complex role of the MDM2 promoter SNPs than previously presumed; promoter genotype not only may influence MDM2 full-length expression level but influence MDM2 splice variant profile as well. While we found P2-MDM2-10 to be translated into a protein product, we were unable to detect any protein expression from the MDM2-Δ5 splice variant despite high mRNA levels. Antibodies against both C-terminal and N-terminal for detection of possible transcripts were tested. However, upregulation of MDM2-Δ5 transcripts was observed by qPCR for exon 3, demonstrating successful transfection and possible effect of this splice variant at mRNA level. Thus, the lack of protein does not rule out a biological effect of this variant since it is known that other transcribed variants of MDM2 that are not translated still are functional [26] .
We found the P2-MDM2-10 protein to be markedly more stable than the MDM2-FL protein: While MDM2-FL was completely degraded 4 hours post cycloheximide treatment, P2-MDM2-10 was still present in the cells as a stable protein. This further indicates P2-MDM2-10 to be subject to regulations different from the MDM2-FL. Further, our findings show that the splice variant P2-MDM2-10 is mostly located in the nucleus and not in the cytoplasm. MDM2 binds to p53 by interaction through the amino terminus binding pocket domain, the central acidic domain, and the C-terminal [30] . P2-MDM2-10 has both the p53 binding domain intact and the NLS and NES, explaining the low levels of this splice variant in the cytoplasm due to possible colocalization with p53 into the nucleus and/or by the presence of NLS itself.
After doxorubicin treatment, we found PUMA expression to be significantly increased after overexpression of both P2-MDM2-10 and MDM2-Δ5. Even though we did not observe any marked changes in the expression of other genes downstream of p53/MDM2, the PUMA upregulation was accompanied by an increase of cells undergoing apoptosis, strongly indicating that both P2-MDM2-10 and MDM2-Δ5 have functional roles linked to the apoptotic program. Interestingly, we found the proapoptotic effect of both P2-MDM2-10 and MDM2-Δ5 to be accompanied by a reduced senescence, and these findings might indicate the splice variants to be involved in a competitive effect/balance between these two processes in response to doxorubicin treatment. Translational Oncology Vol. 10, No. 5, 2017 MDM2 Splice Variants P2-MDM2-10 and MDM2-Δ5 Huun et al.
Notably, the impact of the two splice variants on apoptosis resembled the effect observed upon overexpression of MDM2-FL. Thus, contrasting expectations based on current knowledge about MDM2's function degrading p53 [3, 31, 32] , we found overexpression of MDM2-FL, both in the untreated as well as in treated MCF-7 cells, to increase the fraction of apoptotic cells. This finding was substantiated by the finding of no decrease in apoptosis following MDM2-FL overexpression in either HCT116 TP53+/+ and HCT116 TP53−/− cells, indicating a p53 independent functional effect of exogenous MDM2-FL in our model systems. Although not directly linked to apoptosis, it has previously been found that ectopic expression of MDM2 led to p53 independent genomic instability, with large increases in the dsDNA breaks [33] .
Overexpression of both the P2-MDM2-10 and MDM2-Δ5 splice variants induced increased levels of endogenous MDM2-FL. Although the mechanism behind this remains unknown, one may speculate that feedback loops are operative and that the alternative functions of the splice variants are compensated by increased MDM2-FL expression. Further, even though P2-MDM2-10 is observed to be translated into a protein product, while MDM2-Δ5 is not, our results indicate, nevertheless, the two to exert similar biological functions in the cells.
Taken together, our present findings indicate that the MDM2 splice variants P2-MDM2-10 and MDM2-Δ5 have several features and functions differing from the MDM2-FL, including potentially important roles in regulating key cellular functions such as apoptosis via activation of the proapoptotic gene PUMA.
